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Abstract 
Biocorrosion refers to the influence of microorganisms adhered to surfaces, in the corrosion process of metals. At Embalse 
Nuclear Power Plant (ENPP), this phenomenon has been detected in several water cooling systems. In order to mitigate this 
process, it was proposed to modify the current chlorination water treatment by adding a commercial bromide-based biocide. This 
study evaluated in situ the effect of the addition of the biocide on biofilm formation and also on the corrosion rate of carbon steel 
components. The results of the corrosion rate measurements, as well as the evaluation of the kinetics of biofilm growth, showed 
no significant difference between the former and the modified water treatments. It was concluded that, under the current 
conditions of operation, the addition of a bromide-based biocide (BBB) does not improve the effectiveness against biofouling and 
biocorrosion of the water treatment. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
Keywords: Biocorrosion; Nuclear Power Plant; Biocide; Biofilm; Steel; Linear Polarization Resistance (LPR). 
 
 
* Corresponding author. Tel.:+54-11-6772-7347; fax:+54-11-6772-7388. 
E-mail address:forte@cnea.gov.ar 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of the scientifi c committee of SAM - CONAMET 2013
102   Ana F. Forte Giacobone et al. /  Procedia Materials Science  8 ( 2015 )  101 – 107 
1. Introduction 
Biocorrosion or microbiologically induced corrosion (MIC) refers to the influence that microorganisms present in 
a system exert on the corrosion processes. The phenomenon of MIC does not imply the existence of new 
mechanisms of corrosion, but it integrates the role of microorganisms to the already known mechanisms, Beech and 
Fleming (2000). So, the pre-existence of a biofilm is a necessary condition but not enough for MIC to exist. 
The biofilm is a complex, highly heterogeneous, three-dimensional structure formed by microorganisms that are 
immersed in a polymeric matrix, all attached to a surface. Although a biofilm can be formed by a single bacterial 
species, in natural environments biofilms are usually formed by communities of organisms with different degree of 
complexity, including prokaryotes, fungi, algae, protists, etc. The polymeric matrix is composed of inorganic 
substances, such as water, salts, products from surface degradation, etc. and organic compounds produced by 
organisms like exopolysaccharides (EPS), proteins, DNA and lipids. The presence of a biofilm modifies the physic-
chemical parameters at the metal-solution interface, influencing the corrosion process. These parameters include pH, 
salt concentration, oxygen concentration, organic-compounds concentration, redox potential and solution 
conductivity among others.  
The most common group of microorganisms involved in MIC are acid-producing bacteria, acid-producing fungi, 
iron/manganese depositing bacteria, sulphate reducing bacteria and exopolysaccharides-producing bacteria. 
The process of MIC at ENPP has been long observed in successive inspections. Biocorrosion and the 
accumulation of biofouling were detected in pipelines, heat exchanger shells and other accessories and components 
of carbon steel that operate with water from the Process Water (PWS) and the Circulation Water Systems of the 
plant. In particular, in the case of the heat exchangers of the moderator system, which cools the heavy water with 
water from the reservoir, it is important to avoid any corrosion problem that could release heavy water to the lake. 
The most common method implemented in industrial facilities to minimize the biological activity and to control 
MIC is to apply oxidizing biocides such as chlorine. The effectiveness of these compounds must be tested in similar 
operational conditions and considering the same community of microorganisms present in the installation to assess. 
The evaluation should determine if the biocide can prevent the growth of biofilms on metal surfaces, since it is  
 
Nomenclature 
 
ENPP  Embalse Nuclear Power Plant 
MIC Microbiologically Induced Corrosion 
EPS        Exo-polysaccharides 
DNA      Deoxyribonucleic acid 
BBB Bromide-based biocide 
BPA      Acid- producing bacteria 
BAT      Aerobic Bacteria 
MFT      Anaerobic bacteria 
BRH      Iron/Manganese depositing bacteria 
SRB       Sulphate reducing bacteria 
CNE       Embalse Nuclear Power Plant 
CNEA    National Atomic Commission of Argentina  
PWS      Process Water System 
CWS      Circulation Water System 
LPR       Linear polarization resistance 
VFec     Steel Corrosion Rate  
m          Steel weight loss  
S           Surface exposed to the medium 
T           Immersion time 
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the community of sessile microorganisms that produces MIC and not the planktonic one. This approach is followed 
by the European standard UNI-CEN ISO/TS 15883-5:2008, which aims to evaluate strategies for mitigation of 
biofilm in medicinal equipment but serves as a guide for the entire industry. 
  Taking all the above considerations into account, and looking for a significant improvement in the current water 
treatment of the PWS, the addition of a BBB was tested. The test was carried out in a comparative way, analyzed the 
kinetics of formation and growth of biofilms in chlorinated water with and without the addition of a bromide-based 
biocide. 
2. Experimental 
2.1. In situ assays 
A test bench consisting in two parallel flow cells was built connected to the waterline of the PWS. One of the 
cells was connected in turn to a tank containing the biocide solution. The solution was dosed by means of a pump 
and a timer. The selected dose was 0.06 g/l of BBB along the first part of the test at winter time (Stage I) and 0.12 
g/l during the second part (Stage II) in spring time. Electrochemical corrosion measurements were performed using 
a potentiostat / galvanostat Gamry 600. The cells were covered with a black coating in order to avoid the 
proliferation of photosynthetic organisms. The tank with biocide solution was also darkened to ensure the chemical 
stability of the product throughout the test. In the front of the cells a selector was mounted to alternate the corrosion 
rate measurements from one cell to the other without touching the electrical contacts. The device is shown in Figure 
1a. 
Each one of the cells was subdivided into three sections, as shown in Figure 1b. The first section (I) consisted of 
an electrochemical cell of three electrodes to measure corrosion by LPR: a working electrode of carbon steel, a 
saturated calomel reference electrode and a graphite counter electrode. In the second section (II), flat coupons made 
of carbon steel type SAE 1005 were placed to determine biofilm growth through disruptive methods and to measure 
corrosion rate by weight loss. In the third section (III), coupons of stainless steel AISI 304 were placed to measure 
kinetic growth of biofilm by evaluating percentage of coverage using epifluorescence microscopy followed by 
image analysis. 
In order to perform this test with water supplied directly by the water plant at CNE, the test bench was installed 
in the filtration plant shed. 
 
  
a                                                                                             b 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Front view of the test bench; (b) Detail of the cells. 
 
The test consisted in the exposure of the above described coupons to process water under continuous flow. There 
was a bifurcation in the feeding line so that one cell was fed with water from the PWS while the other one with 
water from the PWS with the addition of the BBB. The dosage of biocide was made at the same time of the water 
    I                      II                     III 
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chlorination, as it is necessary for the reaction of chlorine has with the added bromide to form the oxidizing mixture 
of ClOH and BrOH, which increases the biocidal action. The test conditions were set by controlling the water flow 
and the amount of biocide. Due to the limitations of the system, the water flow used was 10.7 l/min in each cell, 
which meant that the residence time of the biocidal product in the cells was of 168.2 seconds. This time value is 
significantly higher than the actual residence time of the water in the main equipment of the PWS where the flow is 
much higher. For example, in the case of the heat exchanger of the moderator, the estimated residence time is 
approximately 21 seconds. 
The specifications for the chlorination process of the PWS  water, in normal operating conditions, establishes  
that the water should be chlorinated to 1.5 ppm of residual chlorine level. However, analyses performed before 
starting up the test showed that this specification was not met at that time. Analysis of the water chlorine content, on 
samples taken at several points of the circuit before the test, showed actual levels of 0.6 - 0.7 ppm residual chlorine. 
So, a few days before starting the test, the chlorination process was adjusted to 0.9 ppm of residual chlorine. This 
value was used to calculate the amount of BBB to add. 
 The corrosion measurements by LPR and the dosage of biocidal product to the cell were coordinated with the 
PWS water chlorination process, which started every day at 08:30 a.m., using a timer to start the dosing pump. In 
order to achieve a proper coordination and to warranty a homogenous mixture of the BBB solution with the 
chlorinated water entering the test cell, the 15 minute delay of the chlorinated water flow to reach the test site had to 
be taken into account. The coupons for biofilm growth evaluation, weight loss measurements and microscopy 
observations were removed every 14 days and taken to the laboratory for processing. 
 
2.2   Corrosion rate measurements 
 
Measurements of instantaneous corrosion rate by the method of LPR were performed in both cells. At the same 
time, average corrosion rate values, expressed as penetration rate in mm/year, were determined by weight loss in 
two carbon steel coupons per test cell, following the standards ASTM G31-04 and ASTM G31-03 procedures. 
Coupons preparation procedure followed the C.3.1 item of the ASTM G31-03 standard. The calculation of the rate 
of corrosion was carried out according to the following formula: VFec = (m.11145, 04)/ (S. t). 
 
2.3 Evaluation of biofilms 
 
In order to assess and quantify the biofilm developed on the carbon steel surfaces, two coupons per cell were 
removed at each sampling event. One side of each coupon was scrapped off on site using a sterile metallic spatula. 
The removed material was then suspended in sterile saline solution and transported to the laboratory where biomass 
amount was estimated by means of quantification of proteins (Bradford’s method) and carbohydrates (Dubois´s 
method).The other side of the coupon was scrapped off in the same way and the removed material suspended in a 
phosphate saline buffer of pH 7. Subsequently, the following bacterial groups were quantified by means of the 
dilution-extinction method, as described in the API RP-38 (1974) standard, using commercial kits brand MAG: 
BPA, BAT, MFT, BRH and SRB.   
Furthermore, in order to evaluate the structure of the biofilm and the percentage of coupons surface coverage, 
two coupons of AISI 304 steel per cell were removed at each sampling event. The samples were stained with 
acridine orange 0.1 % for 5 minutes. Then they were washed two times with saline solution and air- dried. The 
coupons were examined using a fluorescence microscope Olympus FV300. Photographs were taken with 200x 
magnification in one of every 5 fields and processed with the IMAGE J program. This software, developed by 
Collins (2007), allows estimating of the percentage of surface coverage. 
3. Results and Discussion 
3.1 Corrosion rates tests 
 
No significant differences were detected in the corrosion behavior of the carbon steel in the different 
environmental conditions tested. Corrosion rates, taken from weight loss tests in chlorinated water, chlorinated 
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water plus BBB in a relation Cl:Br 2:1 and chlorinated water plus BBB in a relation Cl:Br 1:1 showed similar 
values, as can be seen on Table 1. 
                                Table 1. Corrosion rate estimation by the weight loss method. 
Stage Br:Cl relation 
(Cell 1) 
Exposure time (days) Corrosion rate (mm/year) 
Cell 1              Cell 2 
(without Br)    (with Br) 
1 1:2 15 
30 
0.33/0.28 
0.29/0.26 
0.33/0.34 
0.30/0.30 
2 1:1 15 
30 
0.39/0.40 
0.32/0.32 
0.31/0.32 
0.30/0.30 
 
These results are consistent with those obtained electrochemically using the LPR method, as shown in Figure 2. 
In this figure, the trend in both cells is indicated with a straight line, while the time of change in the dosage of BBB 
is pointed out by a vertical dashed line. It can be noted that in the cell without biocide (Figure 2a) certain oscillation 
was observed in the corrosion rate values while, in the cell with biocide (Figure 2b), the values were lower than the 
average for a long period of time. This aspect could be attributed to possible variations in the distance between 
electrodes, particularly among the working electrode and the reference electrode, due to the flow and manipulation. 
In conclusion, both methods showed that the addition of a bromide based biocide did not change the corrosion 
rate of the steel carbon in any of the two concentrations analyzed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Measurement of the corrosion rate by LPR (a) Cell without bromide based biocide; (b) Cell with bromide based biocide. 
 
3.2 Biofilm analysis 
 
The analysis of the structure of the biofilms shows that after 15 days of treatment there are slight differences 
between the two test cells in terms of the amount of total anaerobic bacteria, being lesser in the cell with biocide.  
Conversely, there are no differences in the rest of the groups, including SRB. However, after 30 days of treatment 
even this difference disappears and the addition of biocide produces no appreciable effect, as shown in Figures 3 and 
4. 
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Fig. 3. Analysis of bacterial groups belonging to biofilms formed on carbon steel coupons. (a) Cell without bromide based biocide; (b) Cell 
with bromide based biocide at ratio Cl: Br of 2:1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Analysis of bacterial groups belonging to biofilms formed on carbon steel coupons. (a) Cell without bromide based biocide; (b) Cell 
with bromide based biocide at ratio Cl:Br of 1:1. 
 
Total biomass was estimated by means of evaluation of the total content of proteins and carbohydrates (Table 2). 
These analysis show a wide dispersion, which can be attributed to the presence of lumps due to the intrinsic 
inhomogenity of the biofilms, and interference caused by the oxides. Considering this dispersion, there are no 
significant differences in the biocide effect between the system with and without bromide added. The variation in 
carbohydrates / proteins ratio that is observed between stage 1 and stage 2 for both cells could be due to seasonal 
changes in the characteristics and composition of the microbial community. 
In relation to the observations by epifluorescence microscopy and estimation of percentage of coverage, it can be 
indicated that in a first stage patches of biofilm were observed, with a large dispersion both between coupons and 
between areas of the same coupon. However, after 30 days the percentage of coverage was between 65 and 80% for 
the winter stage and between 90 and 100% for the spring stage. As in the rest of the evaluations, there are not 
significant differences due to the use of the biocidal product. 
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Table 2. Analysis of total biomass content. 
Stage Br:Cl relation 
(Cell 1) 
Exposure time (days) Protein content (Pg/cm2) 
Cell 1              Cell 2 
(without Br)    (with Br) 
 Carbohydrate content (Pg/cm2) 
Cell 1                 Cell 2 
(without Br)      (with Br) 
1 1:2 15 
30 
132 ±21
281±80
138±55
219±86 
 208±14             306±72 
336±72             434±150 
2 1:1 15 
30 
106 ±5 
102 ±26 
  99±2 
133 ±10 
 394±97        245±34 
389±44        496±150 
       
4. Conclusions 
The test carried out in order to determine if the addition of a bromide-based biocide to the chlorinated water of 
the PWS at ENPP could provide a beneficial effect on the mitigation of biofouling and MIC, showed that there was 
no change in the amount or structure of the biofilm generated as a result of the microorganisms present in the water 
supply system. Both kind of parameters evaluated, the corrosion rate of carbon steel coupons and the kinetic of 
biofilm growth, showed no significant modifications due to the addition of a bromide-based biocide to the current 
chlorinated water treatment. This was verified testing solutions containing two different chlorine to bromide ratios. 
As a general conclusion, it could be said that in the current conditions of operation of the plant for the 
chlorination of water at ENPP, it is unlikely that the addition of a supplementary biocide that acts by interaction with 
the chlorine, could produce a beneficial effect on the reduction and control of MIC. 
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